Soil arthropods play an important role in nutrient cycling and maintenance of soil structure, and their abundance and diversity provide an indication of the biological quality of soil. Land application of livestock manure provides crop nutrients and may also impact the soil arthropod community. This study was conducted to quantify soil arthropod abundance and diversity for a period of one year following swine manure application via broadcast or injection. Arthropods were extracted from plot soil samples using Berlese funnels, identified and counted, and the QBS index (Qualità Biologica del Suolo) was calculated for each soil sample. Collembola (Hypogastruridae and Isotomidae) populations were greater (p < 0.05) in the broadcast plots than the injection or control plots. Pseudoscorpiones were more abundant (p < 0.05) in the injection treatment compared to the broadcast and control treatments. Acari populations and the QBS index were not significantly impacted by manure application.
Introduction
Agricultural soil health is a complex concept lacking a simple, direct method of measurement, making it difficult to quantify or categorize. Generally, the term "soil quality" refers to physical and chemical soil characteristics while the term "soil health" also includes information about the biological well-being of the edaphic environment [1] . The soil biotic community, soil type, and the amount and availability of nutrients all play an important role in soil health [2] .
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Soil arthropod abundance and diversity can provide information about the biological response of soil to environmental changes [3] [4] due to the strong degree of sensitivity among arthropods to land management practices [5] and the positive correlation to soil health of specific taxa [4] . The relative adaption of arthropod taxa to the soil environment can be quantified using the QBS method ("Qualità Biologica del Suolo," or "Biological Index of Soil Quality") based upon an eco-morphological index (EMI) score from 1 to 20 that accounts for factors including arthropod pigmentation, appendage and visual apparatus development, and total body size, among others.
Mites (Acari) and springtails (Collembola) are two of the most abundant and diverse commonly represented soil arthropod orders and are ubiquitous in most agroecosystems [6] [7] [8] . These and other soil arthropods serve as links in the middle of the food chain, acting as both predators and prey [8] [9] with some species contributing to organic matter decomposition and cycling of nutrients, improvement of soil structure, and growth of plants [2] [10] [11] [12] [13] .
Monitoring changes in abundance and diversity of arthropods may reveal valuable information about the ecological health of soil in response to external stimuli.
Application of livestock manure to agricultural fields is a common method of enhancing soil fertility in crop production systems. Understanding the impact of manure addition and application method on soil biology is an important step towards improving the value and desirability of manure for agricultural cropping systems. This study focused on assessing the impact of swine slurry application method and time following slurry application on soil chemical properties and arthropod abundance and diversity for a period of one year.
Materials and Methods

Site Description
This field study was conducted at the University of Nebraska-Lincoln Rogers Memorial Farm (Latitude 40.8484662, Longitude 96.4664023) 18 km east of Lincoln, Nebraska, USA, from June 2014 through June 2015. Soil at the site is classified as an Aksarben silty clay loam (fine, smectitic, mesic Typic Argiudoll), containing 3.5% OM and 1.5% total carbon [14] . The site has been operated under a no-till management system using a crop rotation of corn (Zea mays L.), grain sorghum (Sorghum bicolor (L.) Moench), soybean (Glycine max (L.) Merr.), and winter wheat (Triticum aestivum L. cv. Pastiche) and had remained fallow following a corn crop harvested in October 2013. Manure had not been applied to the site since at least 1966. Herbicide (glyphosate) was applied as necessary to manage weed growth. Daily precipitation data was gathered from the Lincoln 85 ENE, NE weather station, and daily temperature was obtained from the Syracuse, NE US weather station, located approximately 4 and 30 km from the Rogers Memorial Farm, respectively.
Plot Preparation
Experimental treatments included two manure application methods (broadcast and injected) and a control. Four 0.75 m × 2 m plots were assigned to each treatment and established with the 2-m plot dimension parallel to the slope in the direction of overland flow. Due to site design and manure application equipment, a randomized complete block design was not possible. Arrangement of treatments along a single field contour allowed for consistent soil properties across all plots. Swine slurry collected from the deep pits of an 8000-head commercial wean-to-finish swine facility in eastern Nebraska were analyzed at a commercial laboratory. Mean measured values of nitrate nitrogen (NO 3 -N), ammonium (NH 4 -N), total nitrogen (TN), total phosphorous (TP), water content, electrical conductivity (EC), and pH for the slurry were 3.91 g·kg 
Soil Sample Collection
Two types of soil samples were collected twelve days prior to treatment applications, one-and three-week post-application of manure, and every four weeks, thereafter, throughout the study period except when soil was frozen in Decem- arthropods, a commonly used technique to assess arthropods in the soil [15] . A 70% ethanol solution was used to preserve the organisms for later analysis.
Arthropod Sample Analyses
The QBS method of classification was employed to assign an eco-morphological arthropod order or family [4] . Preserved arthropods from each soil sample were identified and quantified using a Leica EZ4 stereo microscope (Leica Biosystems, Inc., Buffalo Grove, IL) and a dichotomous key [16] . Arthropods were classified to order or family based on the level of taxonomic resolution necessary to assign an EMI value as described by Parisi et al. [4] . For some groups, such as Coleoptera, characteristics of edaphic adaptation were used to assign individual EMI scores.
Statistical Analyses
The impacts of swine slurry application method and time following manure application on soil arthropod populations and soil chemical characteristics was determined by performing tests of hypotheses for mixed model analysis of variance using the general linear model (GLM) procedure [17] . The samples were tested for significant differences resulting from time and treatment, application method, samples within treatments, soil depth and interactions among these factors. Following identification of any significant differences, the least significant differences (LSD) test was employed to identify specific differences among treatments. P < 0.05 was considered significant.
Results and Discussion
Soil Characteristics
Manure application method affected all measured soil characteristics (Table 1) .
Differences in some soil characteristics (e.g. P, K, SO 4 -S) between manure application methods were likely due to the location of soil sampling. Since soil was collected between the injection slots, it is likely that slurry had not been placed at the sampling location. Time since application and sampling depth also had an effect on all measured soil characteristics. The interaction of treatment x time was significant for all characteristics except OM while the interaction of treatment x depth was significant for all characteristics except NO 3 -N.
The pH for the 10 -20 cm depth on the broadcast treatment and for the 0 -10 cm depth on the broadcast and control treatments were greater than for the injection treatment (Table 1) . The pH at 10 -20 cm depth was the greatest in the broadcast treatment. Over time, pH in the broadcast plot remained fairly stable, only varying between 6.5 and 7.0 ( Figure 1 ). In contrast, the injection and control treatments had greater variations in pH over time, varying from 5.6 to 6.8 and 6.1 to 6.9, respectively. Previous results of the effect of swine manure on soil pH have been mixed with authors citing increases, decreases, and no change [18] [19] [20] [21] .
OM was greater in the control and broadcast treatments when compared to the injection treatment (Table 1) . OM in the injection treatment was also less in the top 10 cm depth than the broadcast or control treatments. months into the study, after which time they gradually decreased for the remainder of the experiment (Figure 3 ). This is most likely due to greater volatilization of ammonium from the broadcast manure, decreasing nitrate conversion.
Arthropod Population Analyses
A total of 13,311 arthropods representing 19 orders were identified, with Acari (38.7% of total arthropods), Collembola: Isotomidae (26.8%), Collembola: Hypogastruridae (10.4%), Coleoptera larvae (1.6%), Diplura (1.2%), Diptera larvae (0.9%), and Pseudoscorpiones (0.6%) being the most abundant soil-dwelling taxa.
Because these taxa were of greatest relative abundance in samples throughout the study, they were chosen for statistical analysis of their response to manure application method and time since application.
Hypogastruridae and Isotomidae abundances increased more markedly in the broadcast treatment (Table 2) while Pseudoscorpiones were more abundant in the injection treatment throughout most of the post-manure application period of the study (Figure 4 ). The increase in Hypogastruridae and Isotomidae abundances in the broadcast plots agrees with studies reporting increased Collembola Wardle [26] ), and particularly Collembola [24] following soil disturbance via tillage. On the contrary, broadcast application of swine slurry may have provided cover on the soil surface that mitigated drastic shifts in temperature and humidity [24] , creating a more favorable environment for soil arthropods.
Time following slurry application impacted all measured arthropod populations except Pseudoscorpiones. Application method × time following application interactions were identified for Hypogastruridae and Isotomidae. Hypogastruridae abundance remained low in all plots until approximately 60 days into the study, at which time abundance increased sharply in the broadcast treatment ( Figure 5 ). Hypogastruridae abundance peaked at 150 days in the broadcast and control plots before returning to quantities similar to those at the beginning of the study. Comparatively, Hypogastruridae abundance in the injection plots remained lower and much steadier throughout the study. Isotomidae abundance in the broadcast plots followed a similar trend to the Hypogastruridae, increasing rapidly after the first several months and then decreasing during winter months ( Figure 6 ). Isotomidae abundance in the injection plots increased slightly two months after manure application, but less drastically than observed in the broadcast plots. Acari (mites) showed no response to the application of swine slurry, with time being the only significant variable for Acari abundance.
This result was surprising, as other studies have reported increases in Acari abundance with OM addition to soil [24] [25]. Our samples were dominated by Orabatid mites, which regularly account for 60% -90% of all mites found at a given location [27] . Orabatid mites are characterized by a long life span, low Figure 5 . Mean Hypogasturidae count as affected by time since manure application for the injection applied swine slurry, broadcast applied swine slurry, and non-manured control treatments; day 0 represents the pre-treatment value. Error bars represent standard errors. Figure 6 . Mean Isotomidae count as affected by time since manure application for the injection applied swine slurry, broadcast applied swine slurry, and non-manured control treatments; day 0 represents the pre-treatment value. Error bars represent standard errors.
fecundity, slow development, and low dispersion ability, making them excellent bioindicators [27] . While total abundance of Acari was unaffected by treatment, community structure of this diverse group could have been affected but was not quantified in this study.
Overall arthropod community adaptation to soil-dwelling was quantified using the QBS index (Table 3) . Although the QBS index has proven effective in evaluating soil biological health in a number of previous studies (e.g., [4] [28]
[29], no significant differences in QBS indices were found among treatments in our study. Menta et al. [30] reported that the adoption of no till practices, but not the addition of manure or compost, increased the QBS index of soils in sorghum fields where increases in abundance of Acari were also observed. Parisi et al. [4] reported that QBS value correlated well with land use classes but was not impacted by sewage sludge application to soil. Soil disturbance was identified by Parisi et al. [4] as having a significant relationship to QBS value with arable land having lower QBS values than undisturbed and well-established wooded or shrubland areas. Because the land used in our study was under long-term no-till management, a difference in QBS indices among treatments was anticipated. However, this difference may not have been captured with our sampling methodology or the impact of a single manure application may have been overshadowed by many years of cropping activities. While manure application in our study did not improve QBS score, like previous studies [4] [30], application also did not negatively impact QBS score. Ultimately, similar to results found in a study by [31] , the individual abundance of different arthropod groups seemed to serve as a better indicator of changes in soil characteristics in our study than the overall taxonomic richness.
Daily temperature and precipitation data from throughout the study were obtained from the nearest weather stations to the study site ( Figure 7 ). Although arthropods can be sensitive to changes in soil moisture and temperature, the patterns observed for Hypogastruridae and Isotomidae in this study do not DOI: 10.4236/as.2019.102013 Differences in pH among treatments may have influenced Collembola and other arthropod populations. Collembolans are strongly sensitive to changes in pH [32] . The broadcast plots offered a higher pH environment (6.63) than the injection treatment (6.21) and control (6.48). Ke et al. [32] reported that collembolans showed preference for higher pH-typically preferring approximately pH 8.0-which agrees with our results.
Few studies have examined the soil arthropod community in agroecosystems following application of swine slurry as our study did. The use of dairy cattle slurry in agricultural systems has been examined in Europe: Leroy et al. [25] found that addition of dairy cattle slurry in Belgium increased collembolan and mite populations, while Jagers op Akkerhuis et al. [33] reported that broadcast application of dairy cattle slurry enhanced soil surface-dwelling arthropods more so than injection in The Netherlands. In southern Brazil, swine slurry application has been found to increase soil macrofauna diversity [34] and, in particular, ).
Conclusions
Swine slurry application to agricultural fields serves as a beneficial fertilizer source that improves soil properties. Method of manure application and time following application may result in varying changes in soil characteristics. This study investigated the effect of application method and time following application on soil arthropod abundance and diversity. The most significant responses to application method were found for collembolan populations, specifically Hypogastruridae and Isotomidae, with both increasing under broadcast application of swine slurry. Pseudoscorpiones were more abundant in the injection treatment throughout most of the post-manure application period of the study. Time following slurry application impacted most of the analyzed populations including Hypogastruridae, Isotomidae, mites, coleopteran larvae, diplurans, and dipteran larvae. The positive response of Hypogastruridae and Isotomidae to broadcast slurry application was likely due to the addition of nutrients (in the form of OM and nitrates) to the soil provided by this form of agricultural fertilizer. Hypogastruridae abundance remained low in all plots until approximately 60 days into the study, at which time abundance increased sharply in the broadcast and control treatments, peaking at about 115 to 150 days in the broadcast and control plots, respectively, before returning to quantities similar to those at the beginning of the study. Hypogastruridae abundance in the injection plots remained lower and much steadier throughout the study. Isotomidae abundance in the broadcast plots followed a similar trend to the Hypogastruridae. Isotomidae abundance in the injection plots increased slightly two months after manure application, but less drastically than observed in the broadcast plots. Total abundance of Acari (mites) showed no response to the application of swine slurry;
however, community structure of this diverse group-dominated in our study by Orabatid mites-may have been affected but was not quantified in this study.
Soil chemical characteristics
OM was greater in the control and broadcast treatments when compared to the injection treatment, which likely contributed to greater collembolan populations in these treatments. Soil disturbance by injection equipment may have mitigated any positive impacts on arthropod populations from OM addition.
The utilization of swine slurry as a fertilizer source is beneficial to soil health, but requires consideration of application method, time following slurry application, and the combination of those two factors that will influence the soil micro-organisms present in the soil environment.
